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Abstract

The Thesis simulates the microstructure of powder-based materials for the
Powder-bed Fusion 3D printing processes. The microstructure is created with the
Random Ballistic Deposition methodology, which simulates the sedimentation of
spherical particles under the influence of an external field. For the bulk of particles of the
same size, the packing fraction depends on the inter-particle forces among them. In the
Thesis, different contact areas between particles are created to simulate the sintering
effects. The specimens of simulated microstructures of different contact areas are
produced with a 3D stereolithographic printer. The printed specimens are then subjected
to testing for their differences in stress-strain relationships. The Thesis demonstrates the
feasibility of using 3D printed specimens to evaluate materials properties. The Thesis
recommends future research to develop a relationship between the microstructure and the
mechanical properties with precision as a function of the contact areas.

ix

Chapter 1
Introduction

Market Growth
The global market for 3-D printing, or additive manufacturing (AM), has been
growing rapidly in recent years, from 2009 to 2015, the total revenue of the AM industry
has grown by 367% to $5 billion, and it is predicted to grow at a compound average
growth rate (CAGR) of 29.3%. The following example clearly illustrates the rapid growth
of the industry. The annual sales of 3-D desktop printers was 2000 times greater in 2014
than it was in 2007, growing from just 66 units to 158,000 units. One of reasons why the
market is growing fast is that applications of additive manufacturing have become
increasingly diverse (Wohlers Associates, 2014).
Additive manufacturing provides more possibilities in applications than does
conventional manufacturing. The current applications Additive Manufacturing includes
Academic institutions, Government/military, Architechtural, Motor vehicles, Aerospace,
Inudustrial/business machines, Consumer products/electronics, Medical/dental and
others. The consumer products/electronics (22%) and motor vehicles (19%) take the first
and second places in the market share (Wohlers Associates, 2013). In terms of various
applications, many types of processes and materials are required.
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Systems
Additive manufacturing comprises several types of systems and corresponding
raw materials, including Material Extrusion, Wire, Powder Bed Fusion, Binder Jetting,
Sheet Lamination, Vat Photopolymerized, Material Jetting (Home Shop 3D Printing,
2013).
Powder-based materials (for selective heat sintering, selective laser sintering,
direct laser metal sintering, and binder jetting) include thermoplastic powders, metal
powders, or other materials-filled polymer powders. Different techniques enable the
partial or full melting of the powder. Then it solidifies to form a solid material with a net
microstructure that reflects the melting and solidification process. Selective laser melting
and electron beam melting, in general, reduce the powder to a liquid phase and form a
denser structure almost depleted of residual powders or interstitial voids. Binder jetting
delivers glue to powders with ink jetting and later fuses them through post-print
processing with elevated heat or other infiltrates. All of them are layer-by-layer processes
(Chua & Leong, 2014). The particles’ sizes are microns (≥ 1 µm), and one layer is about
0.15 mm for Selective Laser Sintering, as an example (Noorani, 2006). Therefore, there
are millions of particles of powders in each one-layer process.
Among the AM processes, powder-based systems have a high degree of
dimensional accuracy, which enables them to create fine features (as thin as 0.5mm) and
complex parts (Bikas, Stavropoulos, & Chryssolouris, 2016; Noorani, 2006). Apart from
that, less high-skilled labor and fewer operations are required since a computer-aided
drafted (CAD) or a stereolithographic (STL) file can be easily translated by devices.
Thus, it provides more efficient productivity and quick responses to keep up with
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consumer demands (Noorani, 2006). However, the quality and the performance of the
products vary among different print systems or materials.
Among all the materials in powder-based AM processes, polymers have their
unique places in applications. They typically are good insulators, and have good
toughness and strength (Noorani, 2006). For example, it has been proven that acrylic
styrene and polyamide can reach the same mechanical properties as the injected parts
when powders are sintered to fully dense parts. However, polymers do not have the
strength advantage, compared to metal powders. Polymers could form composites with
other materials, such as glass-filled nylon powder. Also, polymers could be binders in
binder jetting printing processes, which use a wide range of powders as build materials
(Wong & Hernandez, 2012).
The powder-based processes involving polymers are selective laser sintering,
selective heat sintering, and binder jetting. These are the processes that the researcher
simulatea in this Thesis. However, the factors that affect the quality of the products by
these processes are the properties of the powdered materials, the mechanical properties
after sintering, the accuracy of the laser, the scanning pattern, the exposure parameter,
and the resolution of the machine (Noorani, 2006).

Statement of the Problem
It is necessary to investigate the mechanical properties of selective laser sintering
(SLS), selective heat sintering (SHS), and plaster-based 3-D printing (PP) AM products.
The microstructure of the packing particles would affect the mechanical properties. The
structure after sintering depends on the structure before sintering and the fusing-cooling
3

processes (Noorani, 2006). The Thesis developed a methodology to study the packing of
one-layer powders before and after sintering by computer modeling the powder
microstructures, the simulated microstructure is then 3D printed and subjected to
mechanical testing. For example, the mechanical properties of the specimens were
quantified by tests such as the tensile test. The thesis focused on developing the
methodology to use 3D printed simulated samples to explore the properties of materials’
microstructure.
To illustrate the methodology, the researcher built a number of samples with
independent variables of the packing fraction before sintering, the packing fraction after
sintering, and the contact area after sintering. The researcher then evaluated the
dependent variables of stress-strain relationships (modulus) for these samples. In order to
find out the relation between the microstructure and the mechanical properties, the
methodology developed here can be exercised in the future to greater details and larger
sample sizes.

Reason for Interest
3-D printing is a young and advancing field that requires exploring. Through the
Thesis, the researcher learned how to explore the unknown and how to think in a
scientific way. In addition, the methodology provided the researcher with experience
using microscopes and computer programming.

4

Chapter 2
Theoretical Basis

This chapter discusses the simulation of the microstructure and characterization of
mechanical properties.
Packing Fraction
Packing fraction is defined as the ratio of the volume occupied by particles, in
this case represented by spherical balls, to the total volume. Porosity is the ratio of pore
volume to total volume. Therefore, the packing fraction equals one minus the poroscity,
when in the same system. The maximum packing fraction for equal spheres, 0.74, could
be realized in two common ways: the face-centered cubic lattice and the hexagonal closepacked structure (Aste, Matteo & Tordesillas, 2007).

Micromechanics
The characteristics of the microstructure include contact force, average
microscopic geometry, contact distribution, and average coordination number. The
average coordination number is the number of contacts per particle in all of the assembly.
Contact type is identified by contact properties, such as normal stiffness, tangential
stiffness, coefficient of friction, and adhesion between types of particles (Sitharam,
Dinesh & Murthy, 2004).
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In order to analyze how contact properties affect the microstructure, Mizes (1999)
developed a simplified model, which is a force analysis of two particles in a certain
electric field pointing down vertically.
In the model, there are two contact spherical particles contacting each other in a
fixed angle. The charge q, the coefficient of friction µ and the contact cohesion Fa is from
either van der Waals or electrostatic effects, or a combination of the two, determined by
particles (Simons & Pagliai, 2004). Fa is pointing to the center of the lower position’s
particle, normal to the contact point. E is the electric field, θ is the angle between the
vertical line and the connecting line of two centers. When µ(Fa+qEcosθ) ≥ qEsinθ, the
upper particle would stick to the lower one. When µ(Fa+qEcosθ) < qEsinθ, the upper one
would roll down to the lowest position. Thus, there is a critical angle θc (Mizes, 1999).
æ
µFa
ç
ç qE 1 + µ 2
è

q c = sin -1 ç

ö
÷
-1
÷÷ + tan µ
ø

Particle Interactions
In 3-D powder-based process, particles experience the process of melting,
sintering, or liquid binding to form agglomerates (Schmid, Amadoa & Wegener, 2014).
Except for the adhesion force from the particles themselves, a material bridge also could
join particles together, building a highly elastic form under compression. The material
bridge also could join large particles together, even for particles with diameters of one
millimeter in size. The formation of material bridges is usually through the particle
surfaces changing phase, due to either a chemical reaction or by simply melting. Another
way of creating a material bridge joining two particles is to add a liquid binder that would
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condense in the meniscus or oxidize at room temperature using the ink jet head. Figure 1
presents the partially melting and solidifying between two particles after laser sintering.

Figure 1. Sintering effect.

Computer Simulations
Scientists have been interested in simulating the deposition of particles for over
50 years. Vold (1959) built the earliest model in which spheres drop vertically and stick
to the first particle it contacts. In the 1980s, Meakin, Ramanial, Sander, and Ball (1986)
presented another approach to ballistic deposition. The difference from Vold’s model was
that the trajectory was not only vertical, but it also included angles of incident (Meakin,
Ramanial, Sander & Ball, 1986). Apart from the condition of static on the first contacting
particles, Meakin and Jullien (1987) built a model in which the particle could roll around
the first contacting particle to reach and stick to the second one, or keep rolling until it
got to the position of the lowest potential. In biology, the Eden model is generally used to
study the formation of cell colonies (Family & Vicsek, 1991). In this model, cells grow at
the periphery of the cluster, and the colony is always connected (Eden, 1961).
The random ballistic deposition simulation for 3-D printing assumes that particles
have random horizontal positions (x-y plane) and are dropped with a given vertical
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trajectory (z direction) under gravity. One particle starts a deposition only after the
previous one completes the process. The particle can only hit the bottom plane or stick to
the one it contacts first (Vold, 1959). In the process of simulation, the particles are all
presumed to be same-size spheres with random x-y positions. For the ith particle, the
distance to all of previously n dropped particles is represented by the equation:
𝐷"% $ = (𝑥" − 𝑥$ )% + (𝑦" − 𝑦$ )%
If Dni <= 2Rni, Zni =[(2Rni)2- Dni2]+Rni; if Dni >= 2Rni, Zni = Rni.

The equation above describes one condition of the Random Ballistic Deposition,
whose particles have highest inter-particle cohesion. The model below describes the
deposition of the particles without the cohesion, including three scenarios:
1) The dropping particle hits the deposited one, and then rolls down to the lowest
position along the shortest path, contacting with the deposited one.
2) When the dropping particle hits both deposited particles, it will roll down along
the path which makes it contact both contacted particles and is the steepest. After that, the
particle stops rolling until it gets to the lowest position or hits another particle.
3) If the dropping particle hits three deposited particles simultaneously, it will
roll down along the path which makes the particle contact with the lowest two deposited
particles and is the steepest (Jullien & Meakin, 1987).
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Mechanical properties
Elasticity and plasticity
When stress is applied to a solid, it will produce strain. If the strain is reversible,
the situation of the solid is known as elasticity. If the strain by the stress is irreversible, it
is known as plasticity. In the circumstance of elasticity, the relation of modulus of
elasticity E, Poisson’s ratio ν, bulk modulus B, and elastic shear modulus G is
characterized by these equations:

E = 2G(1+ν) and E = 3B(1-2ν)

In the circumstance of plasticity, plastic deformation for solid materials must
occur with dislocation movement, and vice versa. Strength is the maximum stress that the
material could undertake without breaking. Fracture is the minimum stress that makes the
material break.
The typical stress-strain relationship could be illustrated by a curve. It starts to
rise linearly and then the slope gradually decreases until it becomes zero and the curve
ends. Y axis is the stress; x axis is the strain. The linear part represents elasticity. The
rest of the curve represents plasticity. When the stress is removed from the end of the
linear part, the material unloads elastically, along the dot line that is parallel to the elastic
slope, but a permanent strain remains. The end of the curve represents fracture. The area
under the curve represents the toughness of the material (Barrett, Nix & Tetelman, 1973).
When powder-based materials are loaded under the compression, they show to be
elastic at a small strain, to be plastic at as the strain increases, with bouncing periods of
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elasticity and plasticity occurring over the entire strain range. The trend of the stressstrain curve goes up to a peak and goes down to a steady state. During the compression,
the volume fraction of the materials increases rapidly at the first time and the rate of the
increase gradually goes down and the volume fraction keeps steady. Also, the curve of
the volume fraction and the strain is serrated like the stress-strain curve (Kuhn, 1987).
In summary, the packing fraction is used to quantify the microstructure of the
powder-based materials in the Thesis. In order to make the research more feasible,
Random Ballistic Deposition is used as a simplified model to simulate the microstructure.
Inter-particle mechanics is one of the factors which could influence the microstructure.
The concept of the inter-particle contact area is created to simulate the material bridge
from sintering. For macro properties of the materials, the stress-strain relationship is one
of the indicators of the mechanical properties.
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Chapter 3
Literature Review

This chapter is a literature review of the mechanical properties of parts, the
characterization of the microstructure, and the powder properties for Selective Laser
Sintering (SLS), Selective Heating Sintering (SHS), and Plaster-based 3-D Printing (PP)
processes.

Mechanical Properties
In manufactured systems, mechanical properties are important indicators of the
quality of products. Therefore, many researchers have studied the dependence of the
mechanical properties for powder-based AM products. Slotwinsky, Labarre, Forrest, and
Crane (2016) identified features of mechanical properties of glass-filled nylon parts
(rectangular Type I, according to ASTM D638) built by Powder Bed Fusion, dependent
on build orientations and build parameters. 3-D printing machines have their own X, Y,
and Z direction. These three axes correspond to orthogonal three-part lengths. That makes
various build orientations. The authors divided specimens into two groups to take a
mechanical test. One (the “fast” group) was built at a higher speed. The other (the
“mechanical” group) was built to have better mechanical properties. As a result, the
tensile strength, elastic modulus, and elongation at break were higher in the horizontal
build direction, compared to the vertical direction. Contrary to expectation, tensile

11

strength and elastic moduli were statistically larger for the “fast” group than for the
“mechanical” group (Slotwinsky et al., 2016).
Although the build settings of the process affected the mechanical properties of
the parts, many researchers investigated deeper to understand the cause of the
phenomenon, including from a microscopic view. Tang, Chiu, and Yen (2011) prepared
slurry-based selective laser sintering materials with water-insoluble semi-crystalline
polyvinyl alcohol-coated Al203 powders, ammonium polymethacrylate as the dispersant,
and deionized water as the solvent. They used the material to fabricate the part with
selective laser irradiation. Finally, the water-insoluble coating had to be burnt out to form
the ceramic part (sintering). Throughout microscopic observation, they found out the
relative density of the part before sintering was 56.7%, which was much more than the
relative density of the part by normal SLS process before densification. As a result, the
sintered part could achieve the relative density of 98%. Moreover, the average flexural
strength was 364.6MPa, with a standard deviation of 54.4MPa. Apart from that, the
authors found out the proper mechanism of the platform’s descent thickness combining
with one scraping thickness would avoid delamination of the part. Meanwhile, the laser
power could sinter the thickness of 45 µm, less than critical saturation thickness, which
prevents the part from cracking (Tang, Chiu & Yen, 2011).
Besides investigating mechanical properties of powder-based materials via
experiments, some research has indicated their effectiveness via computer simulations.
Göncü and Luding (2013) used the Discrete Element Method (DEM) to simulate a bulk
of spherical particles. In these simulations, there were several major property settings for
particles, including the numbers, size distributions, spring-dashpot contact forces in
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normal and tangential directions, friction, and volume fractions. In order to study the
mechanical properties, the tri-axial test was simulated, in which the constant compressive
stress was applied to lateral walls and the top kept increasing the strain. In this study, the
macroscopic angle of friction was a function of the particle coefficient of friction from
hypoplastic constitutive modeling. As a result, the authors found out that stronger particle
friction led to smaller volume fraction, that finite macroscopic friction was measured
even for the particle friction µ=0, and that macroscopic friction saturated for µ>≈0.3.
For the independent variable of polydispersity, the shear strength increased with the ratio
of maximum radii to the minimum radii at the fixed volume fraction (Göncü & Luding,
2013).
Holtzman, Silin, and Patzek (2008) also simulated spherical granular materials in
order to study macroscopic mechanical properties. The authors simulated a bulk of
cohesiveness particles packed in a rectangular container, and moving the container walls
allowed particles to reach static equilibrium. After creating initial models, they simulated
polyaxial or uniaxial tests to characterize mechanical properties. One sample was
simulated on a polyaxial test to obtain the strain-stress relation. It had the porosity of
35.8%-30.5% and the mean coordination number of 7.23-8.26. The stress was about 60300MPa. The slope slight increased with the strain from three directions. Moreover, they
simulated an isotropic compression test by a uniaxial loading to obtain elastic moduli. It
had the porosity of 37.4%-35.1% and the mean coordination number of 6.24-7.15. The
stress was about 1-35MPa. They found out that the shear modulus was significantly
smaller than that in the experiment they chose (Holtzman, Silin & Patzek, 2008).
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Although the above-described research proved that computer simulations were
able to study the mechanical properties of powder-based materials thoroughly,
researchers need to consider particle properties comprehensively. Researchers also need
to be proficient in using different numerical models. Blum and Schräpler in 2004 used a
simplified model, random ballistic deposition, to make agglomerates of spherical
particles via experimentation. Meanwhile, the authors also studied the mechanical
properties of these agglomerates. They used monodisperse SiO2 spheres with 1.5µm
diameters to create the agglomerates. The initial volume fraction was 0.15, which is
stable under the unidirectional compression of 500 Pa. When the compression increased
up to the order of a magnitude of 3, the volume fraction was 0.2, and the sample had
tensile strength of 1000 Pa. However, it did not appear that the tensile strength increased
systematically with the increasing compression (Blum & Schräpler, 2004).
As indicated by the above-described research, the volume fraction as a
characterization of the microstructure is an important factor affecting mechanical
properties. What causes the volume fraction varience includes the AM process’ settings,
interparticle forces, size distributions, and the loadings on the agglomerates.

Microstructure of Powder Beds
To understand the particle-based materials’ microstructure, the most intuitive
method is to observe the material by microscopy. Salmoria, Leite, Ahrens, Lago, and
Pires (2007) used powders of polyaimide (PA2200), high-density polyethylene (HDPE),
and their blends to complete SLS processes. After that, the authors observed their
microstructures by scanning electron microscopy (SEM); they also used X-ray diffraction
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to study their crystallization. Meanwhile, they did infrared spectroscopy, differential
calorimetry, and melt flow measurements, respectively, for PA2200 and HDPE. As a
result, the infrared spectra of PA2200 and HDPE were 6-25µm, and PA2200 had one
more absorption band than HDPE. The melting temperatures and enthalpies obtained for
PA2200 and HDPE were 178 °C and 46 J/g, and 128 °C and 124 J/g, respectively.
Through SEM observation, PA2200 and HDPE powders had irregular shapes, with
average sizes of 60 and 100 µm. The surface of sintered pure PA2200 and HDPE had
homogeneous distributions of interconnected pores, with the average size being related to
the particle size and shape of the original powder. Extensive neck formations between
particles could be observed. For powder blends, PA2200/HDPE specimen with 80/20
weight fraction formed a PA2200 and HDPE co-continuous phase, with particles of
PA2200 adhered to it. The specimen showed pores with diameters of <200 µm. The
PA2200/HDPE specimen in a 50/50 composition had lower porosity than the specimen in
the 80/20 composition, due to the quantity of co-continuous phase HDPE, since PA2200
has a higher laser absorption and melting temperature than HDPE has. For the 20/80
specimens, it appeared to have high porosity. Due to low laser energy absorption, the
matrix pattern was not like the other two, and some PA2200 was dispersed in the HDPE
matrix (Salmoria, Leite, Ahrens, Lago & Pires, 2007).
Although it is intuitive for most researchers to understand the microstructure of
powder beds via microscopic observation, more understanding throughout computer
simulations is required for building a productive AM process. Lee (2015) studied the
effect of size distributions of spherical particles on their packing fractions via the
Discrete Element Method. In the simulation, the positions of particles were randomly
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generated in a box without overlapping. Particles would fall in gravity and then collide.
During the collisions, the inter-particle forces (including normal and tangential
directions) were considered. Also, the contact force with external force led particles to
three translational and three rotational velocity components, according to Newton’s
second law. After particles settled, the gravity flipped in the z-direction three times, and
the ceiling fell to increase the packing density. As a result, the size of particles for equal
size distributions had little effect on the packing density. Also, the size range deviation
for Gaussian size distributions had little effect on the packing density. However, the
skewed size distribution could form higher packing density, compared to the Gaussian
distribution. The higher fine particle fraction could lead to higher packing density in
asymmetric particle size distributions (Lee, 2015).
As well as having used the Discrete Element Method, Parteli and Pöschel (2015)
did not consider particles of powder bed fusion processes as spheres. The authors made
several spheres of different sizes for a particle of irregular shape. They designed ten
different multi-spheres particles in total, according to the micrograph of commercially
used polyamide particles. The sphere constituents in particles could overlap, but they did
not interact with each other. Apart from the difference of the particle shape from the
above-described research, this paper simulated one procedure of powder bed fusion, a
roller settling one layer of particles beyond the previous sintered part. Consequently, the
authors found out that the higher velocity of the roller led to looser packing of the
particles and rougher surfaces. In addition, a stronger polydisperse particle bed would
have denser packing due to small particles filling the voids between big particles. But
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since small particles had strong attractive interactions, they formed agglomerates, which
caused a rough surface of the bed (Parteli & Pöschel, 2015).
The packing fraction is easily calculated when studying the microstructure of the
powder bed. However, the opposite side of the packing fraction, the porosity, is much
more difficult to determine. Ouchiyama and Tanaka (1981) applied a simple model to
estimate the relation between the porosity of the packing and the size distribution of the
spheres. They assumed a model where every sphere is in direct contact with its neighbors
-- as many as possible. According to their theory, the overall average porosity was related
to the porosity of uniform-sized spheres and the size distribution of particles. For samples
of binary sizes mixture, their calculated results matched the experimental results well. For
Gaudin-Schuhmann size distribution of particles, their results were in agreement with
experimental results, except for a range of particle sizes much smaller than the average.
(Ouchiyama & Tanaka, 1981).
Apart from the packing fraction and the surface roughness, there are other
characterizations of the powders’ microstructure. Jullien and Meakin (2000) used
computer simulations to study them. In their simulations, spherical particles were
deposited in randomly chosen vertical trajectories. The particle either hit the substrate
and deposited stably, or it hit other previously deposited particles. In the latter condition,
the particle would follow the path of fastest descent before it either deposited to the
substrate or reached a “stable” position, in which it sat on three other previously
deposited particles. For same-sized models, the packing fraction was 0.581290±0.0001,
independent of the area of the substrate. The average contact number was 6, independent
of the packing fractions from other packing models. Moreover, the authors studied the
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contact angle distribution and the radial distribution function of the packing. It showed
that there were many more bonds close to the horizontal than were close to the vertical.
The radial distribution function behaves almost like a second order polynomial function
of the distance between particle centers. For binary-sized mixture of spheres, the packing
fraction depended on the number of fractions and the ratio of diameters. There existed a
critical ratio, 3 2 − 3 = 6.4641, when a small sphere could penetrate the hole
between three spheres in contact and all small particles reached the bottom. In addition,
in the number fraction of the large sphere of 0.2, the ratio of diameters of 3 achieved the
most packing fraction. After that, authors built a shaking system for the packing of the
ratio 4 and the large sphere number fraction 0.005 to study the segregation. In this
system, the particles were set in lists of ascending center heights and were then redeposited. The process was repeated 30 and 60 times. It showed that the large spheres
were rising to the top (Jullien & Meakin, 2000).
From the above-described research, what could impact the microstructure of
powder bed specifically involves particle properties (laser absorption, thermal properties,
and morphology), interactions between particles (inter-particle forces and motions), size
distributions, and process settings (laser strength, wave length, and roller speed). In
addition, it is acknowledged that using some computer and numerical simulations to
study the microstructure could be effective. Apart from the packing fraction, the surface
roughness, contact numbers, contact angles, and radial distributions could characterize
the microstructure.
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Conclusions
Materials play a significant role in the development of the AM industry.
Furthermore, there is adequate research providing strong a background to make studying
particle-based materials feasible, with the respect to micro- and macro-characterizations.
This Thesis will extend existing research by considering the effect of the microstructure
of particle-based materials on mechanical properties for Additive Manufacturing.
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Chapter 4
Research Questions

The Thesis focuses on the development of a methodology that will lead to how
the microstructure of the agglomerates of particles affect mechanical properties for 3-D
printing. Thus, the research questions are:
1. How can 3-D printing be used to create material microstructures specimens for
mechanical property testing?
2. Would such specimens distinguish the effect of contact areas and packing
fractions on the tensile performance?
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Chapter 5
Methodology

For this Thesis study, the independent variables are packing fraction and contact
area. The dependent variables are compression performance, including the relation of
strain and tensile stress, and break point. Figure 2 shows the major steps in this research.

Computer
simulations:
RBD

Sample
preparation: 3D
printing

Properties
measurement:
Elongation

Result analysis and
conclusion

Figure 2. Major steps in the research.

Computer Simulation
The first step of the study is to do computer simulations of powders’
microstructure for the Selective Laser Sintering, Selective Heating Sintering, and Plasterbased 3-D Printing processes. This study uses random ballistic deposition (RBD) as a
model to build the simulated powder structure. Figure 3 shows the logic used in this
simulation. The Thesis uses the condition that balls either deposit on the substrate, or they
hit and stick to the particle they first contact. At first, the researcher creates two different
simulations in which particles have two different sizes respectively and spherical shape
without contact area. Then different inter-particle contact areas were designed in the two
new models by enlarging the radii into the same. The researcher calculated the packing
fractions for all models.
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Divide 5mm*5mm
substrate into
0.001mm*0.001mm cells

The z position of the
depositing sphere depends
on the hit sphere

Among all deposited
spheres with the x-y
distances less than the
diameter, the one with
biggest z position is the hit
sphere

Randomly generate a x-y
position (the center of
spheres) into cells

Calculate the x-y distance
between the depositing
sphere and all deposited
spheres

If the minimum x-y
distance equal to or bigger
than the diameter

The z position of the
depositing sphere is the z
position of the hit sphere
adding their difference in z
direction.
N

Y

The z position of the
depositing sphere is the
radii

Figure 3. Random ballistic deposition modeling flowchart.

When it comes to computer simulation, the first step is to decide the area of the
substrate plane, the size of the particle, and the number of particles. In the simulation, the
substrate plane is 5mm * 5mm. Before creating contact area, the spheres’ radii were
designed to be 0.18mm and 0.16mm. The substrate plane was divided into small cells of
0.001mm * 0.001mm. Therefore, the spheres’ positions in the x-y plane was randomly
defined into the cells. The depositing sphere’s z position was determined by the x-y
distance from the sphere with the nearest x-y position. There were two conditions. If the
x-y distance between them was bigger than or equal to the diameter, the depositing
sphere would be touching the substrate. In this condition, the z position of the depositing
sphere equals to the radius of the sphere. If the distance was smaller than the diameter,
the depositing sphere would hit the sphere that had the highest z position among all the
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spheres and had a x-y distance smaller than the diameter. The z position of the depositing
sphere is shown in the equation below.
𝑇ℎ𝑒 𝑧 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑛𝑔 𝑠𝑝ℎ𝑒𝑟𝑒
= 𝑡ℎ𝑒 𝑧 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑖𝑡𝑡𝑖𝑛𝑔 𝑠𝑝ℎ𝑒𝑟𝑒
+ 𝑡ℎ𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 % − (𝑡ℎ𝑒 𝑥𝑦 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)%
𝑅𝐵𝐷 𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝑡ℎ𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑙𝑙 𝑠𝑝ℎ𝑒𝑟𝑒𝑠
𝑡ℎ𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ∗ 𝑡ℎ𝑒 ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑧 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

In order to maintain the approximately same packing fraction in RBD simulation,
the Thesis deposited 500 spheres of 0.18 mm radii and 750 spheres of 0.16 mm radii.
Their packing fractions in the RBD simulations were 0.1029 and 0.1083, respectively.
Also, 500 spheres of 0.2 mm radii had a packing fraction of 0.1054. The packing fraction
here is estimated using the height determined by the particle with the highest z-position.
If the dimensions of the substrate plane or the number of the particles are different, the
packing fraction will vary.
The next step was to create contact areas between spheres to simulate a first order
sintering effect. The algorithm enlarged the radii of spheres to 0.2 mm with the same
positions of the last steps’ RBD simulations. Thus, the model with spheres of 0.18 mm
radii became spheres of 0.2 mm radii with 0.024 mm2 inter-sphere contact areas between
spheres. Also, the model of spheres of 0.16 mm radii became spheres of 0.2 mm radii
with 0.045 mm2 of contact area. Therefore, both new models have the same sphere size of
0.2 mm and have two different inter-particle contact areas. Figure 4 illustrates the two
steps of the deposition and inter-particle contact area creation.
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Figure 4. Random Ballistic Deposition simulations (a, b, e) and simulations with interparticle contact areas (c, d).

In Figure 4, a represents the simulation of 0.16 mm radii of 750 spheres; b
represents the simulation of 0.18 mm radii of 500 spheres; c represents the simulation of
0.2 mm radii of 750 spheres with 0.045 mm2 inter-sphere contact areas; d represents the
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simulation of 0.2 mm radii of 500 spheres with 0.024 mm2 contact areas; e represents the
simulation of 0.2 mm radii of 500 spheres without contact area.
Specimen Design
The above simulations were created in Matlab. They only had surface value
(centers and radii). However, 3D printing requires an STL file format. Therefore, the
Thesis transformed the Matlab surface value into an STL file using McDonald’s
“surf2stl” Matlab package (McDonald, 2004).
The process of creating the specimen is illustrated in Figure 5. According to
Mizes (1999), there is a consistent packing fraction in the middle layers. Therefore, the
Thesis eliminated several of the top and bottom layers (Fig. 5 a). In order to avoid the
sharp edges of the specimen in tensile tests, which are brittle, the specimens were
designed to be cylindrical as shown in Fig. 5 b. Additionally, two handles were added to
the two ends of the edited sphere chain (Fig. 5 c). The dimensions of the two ends are
shown in Figure 6. After transforming the surface value of simulations into STL files in
Matlab, the specimen design was completed in Rhino3D.

a
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b

c
Figure 5. From left to right, including a, b and c, the steps to create the specimens.

Figure 6. Dimensions of two ends of specimens.
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While the researcher edited the spheres’ chain, SectionTools for Rhino 5 by Rajaa
Issa (updated in December 2013) was used to create horizontal cross sections (Figure 7
and 8). There were two types of sections. One was taken when the chains were
cylindrical because the specimens were cylindrical; the other was taken after the chains
were only cut out the top and bottom layers, which was cuboid referring to the computer
simulations. The former cross sections had the number of 30 and were used to calculate
the area occupied by spheres. The latter cross sections had the number of 100 and were
used to calculate the packing faction of the chopped parts of chains.

Figure 7. Cross sections using the section tool.

Figure 8. Create cross sectional layers to calculate the mean of cross section areas and
the packing fraction of the sphere chain
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The researcher created 30 layers to calculate the mean of cross section areas or
100 layers to calculate packing fraction of the sphere chains, using the below equations.
𝑇ℎ𝑒 𝑀𝑒𝑎𝑛 𝑜𝑓 𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎 =

𝑡ℎ𝑒 𝑠𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑙𝑎𝑦𝑒𝑟
30 𝑙𝑎𝑦𝑒𝑟𝑠

𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑝ℎ𝑒𝑟𝑒 𝐶ℎ𝑎𝑖𝑛
=

𝑡ℎ𝑒 𝑠𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑙𝑎𝑦𝑒𝑟×𝑡ℎ𝑒 𝑠𝑝𝑎𝑐𝑒 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑙𝑎𝑦𝑒𝑟
𝑡ℎ𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒×𝑡ℎ𝑒 ℎ𝑒𝑖𝑔ℎ𝑡

3D Printing
Following the editing of specimens in Rhino3D, files were saved as an STL file
format. These STL files were sent to Creation Workshop to scale the specimen into 5
times as large as the original, in all x, y and z directions, as known as 125 times as large
as the design in volume. The reason was that the Stereolithographic apparatus used had
the resolution limitation and that only macro-scale products were capable of taking the
tensile test. In addition, as shown in Figure 9, the ASTM D638 Type I tensile bar was
scaled into 55% of the original size in all x, y and z directions because the printing
apparatus has size limitations for manufactured parts. Finally, the edited files of
specimens were sliced into 1148 layers with 0.05 mm thickness for each. The tensile bar
edited file was sliced into 1815 layers with 0.05 mm thickness for each. The
stereolithography device (Kudo3D Titan) projected light to polymerize the liquid resin
acrylonitrile butadiene styrene (ABS). The first three layers took 8 seconds, and the
remaining layers took 3.8 seconds. After printing, post curing for half an hour was
required. Removing the supports was the last step to complete the making of the
specimens (Figure 10).
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Figure 9. ASTM D638 Type I tensile bar (millimeter).

Figure 10. Specimen with 0.024 mm2 contact areas (l.); Specimen with 0.045 mm2
contact areas (r.)

Tensile Test
The next step was to do a tensile test. Device model and operations were needed.
One indicator was the strain-stress curve, which describes the relationship between the
load at two ends of the specimen and the extended length in a unit area perpendicular to
the load axis.
In this procedure, the Thesis used the Instron Universal Testing System to do the
tensile tests and Bluehill software to control the equipment. At the two ends of the
specimen, the Thesis used the Instron Cat. #2716-010 wedge action grip (Figure 11). As
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for the testing parameters, the elongating rate was 0.1 in/min, and the test ended when the
load dropped by 90%.

Figure 11. From left to right: tensile test equipment, tensile bar, and specimen in the test.

The last step was to analyze experimental results and make conclusions. At first,
it was necessary to normalize the data (load and extension) in order to create a stressstrain curve. The Thesis characterized the material printed by Kudo3D Titan through the
data of the tensile bar. Additionally, it was necessary to compare the strength between the
tensile bar and the specimen. Also, the Thesis analyzed the stress-strain curves of the
specimen.
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Chapter 6
Results and Analysis

The data collected from the Bluehill software are sets of values of load (the force
on specimens during the elongation) and corresponding sets of values of extension (the
elongated length). The Thesis compares tensile performances within several samples of
the same specimens but also compares between different specimens. However, load and
extension are absolute values, which are not comparable. Therefore, it was necessary that
the researcher normalize the data set through dividing the force and extended length by
the area perpendicular to the force direction and the original length, by which the stress
(Mega Pascal) and the strain are obtained. The mean of cross-sectional area (specimen
design) and the packing fraction of sphere chains in specimens were calculated by the
SectionTool; the results are shown in Table 1. The cross-sectional areas of the printed
specimens were calculated via multiplying the design dimensions by 25. For tensile bars,
the printed cross-sectional areas were measured by vernier caliper.

Table 1
Calculations from specimen designed

No contact area
Contact area of
0.024 mm^2
Contact area of
0.045 mm^2
Tensile Bar

Mean of Cross Section
area (mm2) (Specimen
Design)
None

Packing
Fraction
0.185

Printed Specimen
Cross Section Area
(mm2)
None

4.267

0.204

106.673

6.128
41.6

0.304
1

153.199
16.557
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In the Thesis, the testing data of five specimens with contact areas of 0.024 mm2
and one specimen with a contact area of 0.045 mm2 are collected, as well as five
specimens of tensile bars (Figure 12). Four specimens with contact areas of 0.045 mm2
broke at either of the two handles (Figures 13).

Figure 12. Five specimens of the 0.024 mm2 contact area group and 1 specimen of the
0.045 mm2 contact area group broke at the connections between spheres or somewhere
on the spheres.

Figure 13. Four specimens with 0.045 mm2 contact area broke at either of the two ends.
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Tensile Bars
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Stress (MPa)
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5
0
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tensile bar 1

tensile bar 2

tensile bar 4

tensile bar 5

0.2

0.25

tensile bar 3

Figure 14. Five ASTM D638 Type I tensile bars’ stress and strain curve.

Figure 14 illustrates all five of the tensile bars specimens’ stress and strain curves.
They were tested in a pulling rate of 0.2 inch per minute. As shown on the graph, tensile
bar 2 broke at the highest strain, and tensile bar 1 broke at the lowest strain. In addition,
tensile bar 2 had the highest elastic modulus and scored in the second place of the highest
tensile stress; thus, it has the highest toughness (the area under the curve). Tensile bar 5
has the highest tensile stress and scored in the second place of highest elastic modulus.
Tensile bar 4 has the lowest tensile stress and the lowest elastic modulus.
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Table 2
Values from the data of stress-strain curve
Tensile Bar
Specimens
1
2
3
4
5
Mean Value
Relative
Standard
Deviation

Tensile Stress
at Maximum
Load (MPa)
24.460
26.390
22.520
21.280
26.690
24.268

Tensile
Stress at
Break (MPa)
22.300
25.030
21.520
20.710
24.560
22.824

Tensile Strain
at Maximum
Load
0.0573
0.0662
0.0643
0.0788
0.0644
0.066

Tensile
Strain at
Break
0.1245
0.2106
0.1737
0.2048
0.1534
0.173

Elastic
Modulus
(MPa)
582.87
606.04
507.33
422.33
603.85
544.484

0.0975

0.0829

0.1181

0.2072

0.1454

Table 2 illustrates five important values from the whole stress and strain data set.
In addition, the researcher calculated the average value of tensile stress and strain,
respectively at maximum load and at break, as well as the average value of elastic
modulus. The highest value of tensile stress at maximum load and tensile stress at break
was 26.690 MPa and 25.030 MPa. The highest value of tensile strain at maximum load
and tensile strain at break was 0.0788 and 0.2048. The highest value of elastic modulus
was 606.04 MPa.
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Figure 15. Stress-strain curve of 5 specimens with 0.024 mm2 inter-particle contact area.

Figure 15 illustrates the stress-strains relationships of 5 specimens of 0.024 mm2
inter-particle contact area. Every specimen’s curve has multiple peaks, which means that
they all experienced breakage at multiple times during the tensile test. Because of the
porous structure, the specimens broke at different spots at different times. The maximum
tensile stress happens to occur at the first or second peak through all five specimens’ data.
Every time a breakage occurs, the slope decreases, which means the stiffness of the
specimen decreases. The first specimen only has seven peaks, and the final breakage
36

happened the most quickly. The reason could be that there was a long time between
printing the specimen and testing it. Because of this, the material has a higher degree of
polymerization than the other four have. The less amorphous state makes it more brittle.

Table 3
Values from the data of the 5 stress-strain curves
Specimens of
0.024 mm2
contact area
1
2
3
4
5
Mean Value
Relative
Standard
Deviation

Tensile
Stress at
Maximum
Load (MPa)
0.607
1.327
1.942
1.412
2.086
1.475

Tensile
Stress at
Break (MPa)
0.493
0.304
0.315
0.309
0.225
0.329

Tensile
Strain at
Maximum
Load
0.0731
0.0285
0.0348
0.0255
0.0421
0.041

0.397

0.299

0.4692

Tensile
Strain at
Break
0.1335
0.2076
0.1923
0.3165
0.1766
0.205
0.3314

Table 3 shows the mean values of tensile stress at maximum load, tensile stress at
break, tensile strain at maximum load, and tensile strain at break for specimens of 0.024
mm2 inter-particle contact area. Comparing the mean value of the specimens to the tensile
bars, the tensile strains at maximum load and at break are in the same order of magnitude.
However, the mean value of tensile stress at maximum load of the specimens is one order
of magnitude less than that of tensile bars, and the mean value of tensile stress at break of
specimens is two order of magnitude less than that of tensile bars, as shown in Table 4.
In addition, according to the data in Table 5, tensile stress at maximum load and
tensile stress at break of the porous specimens have one order of magnitude more than
them of tensile bars in relative standard deviation. Therefore, the data range of porous
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specimens is bigger than that of tensile bars. Thus, a bigger sample size is necessary to
make the data statistically valid.

Table 4
Comparison of tensile strength

Tensile
Bar
1

0.024 mm
Contact Area
Specimens
0.204

0.045 mm2
Contact Area
One
Specimen
0.304

24.268

1.475

2.889

0.173

0.205

0.183

22.824

0.329

0.352

0.066

0.041

0.058

2

Packing Fraction
Mean Value of Tensile Stress
at Maximum Load (MPa)
Mean Value of Tensile Strain
at Break
Mean Value of Tensile Stress
at Break (MPa)
Mean Value of Tensile Strain
at Maximum Load

Table 5
Relative standard deviation of tensile testing values for specimens and tensile bars

Tested Devices
Tensile Bar
0.024 mm2
Contact Area
Specimens

Tensile
Stress at
Maximum
Load
0.0975

Tensile
Strain at
Break
0.208

Tensile
Stress at
Break
0.0829

Tensile
Strain at
Maximum
Load
0.119

0.397

0.332

0.299

0.467

Figure 13 shows how four specimens with 0.045 mm2 inter-particle contact area
broke at their handles. The reason could be that the connection between the spheres made
by the contact area is harder to break than at the solid handles. Figure 16 shows the
stress-strain curve of the specimen of the 0.045 mm2 inter-particle contact area group
38

breaking at its porous part. According to the graph, the tensile stress at the maximum load
is nearing 3 MPa, about 100% bigger than the mean value of the 0.024 mm2 contact area
group of specimens. The tensile strain at break is around 0.18, close to 0.205, the mean
value of specimens with 0.024 mm2 contact area, shown in Table 4. However, the data set
from only one specimen is not sufficient to validate the difference of the tensile
performance between the two different contact area groups of specimens. Therefore, the
next step of the research would be to choose another contact area bigger than 0.024 mm2
and smaller than 0.045 mm2.

0.045 mm^2 Contact Area
3.5
3

Stress (MPa)

2.5
2
1.5
1
0.5
0
-0.5

0

0.05

0.1

0.15

0.2

Strain

Figure 16. Stress-strain curve of one of the specimens with 0.045 mm2 inter-particle
contact area.
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Chapter 7
Discussions and Conclusions

Discussion
The Thesis modeled the microstructure of the powder-based materials through 3D
computer and 3D printing simulations and characterized the material properties of the
microstructures using simulated specimens.
In order to build Powder Bed Fusion materials, the Thesis used the random
ballistic deposition (RBD) method. This method was designed to create agglomerates of
microscale spheres. Inter-particle cohesion is the one of the parameters determining the
microstructure of the agglomerates. More cohesive particles caused the structure to be
less dense and vice versa. The Thesis used extremely cohesive particles as its objects.
In future research, the simulation could include more possibilities of particle
interaction. According to the literature review, particle interactions are influenced by
inter-particle cohesion and by external force. Inter-particle cohesion is a continuous
metric; thus, there would be infinite possibilities of depositing methods, which leads to
more possibilities of simulations. External force for Powder Bed Fusion is implemented
by gravity (used in the Thesis), or by processes to apply powder to the platform, such as
roller, spraying, and liquid coating.
In addition, the simulation could use sphere-size distributions, instead of the
same-size in simulation. The size distribution is a mathematical function that represents
the relative number of spheres present, according to size. The particle size distribution
could refer to the material properties that the researcher will be simulating.
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Creating inter-particle contact areas was the next step after using the random
ballistic deposition method in the Thesis. The Thesis calculated packing fractions of the
two different contact areas simulations. However, the research considered two
independent variables, contact area and packing fraction, but not the interaction between
them. To investigate the interaction effect between these two independent variables and
the dependent variable, there should be two parts of the research: the tensile test of two
groups of specimens with different contact areas and the same packing fraction, and the
tensile test of two groups of specimens with the constant contact area and different
packing fractions.
After the samples were digitally designed, they were printed out through
stereolithographically using acrylonitrile butadiene styrene, whose degree of
polymerization depends on the time under illumination. Therefore, the time between
when printing finished and starting the tensile test should be controlled. While
stereolithographic printed products could accomplish the tensile test, the simulation
model was inspired by Powder Bed Fusion. Future research could compare the products
from two processes in aspects of tensile performance.
During the tensile test, six specimens broke at different points at different times.
Thus, the force area changed after every breakage. However, the Thesis calculated the
stress using only the mean of 30 layers of cross-sectional areas. It would be more
accurate to update the force area after every breakage, but that would increase the time
and the device costs of the experiment. Therefore, simulating tensile tests in a software
would improve the situation.
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From the data processed, it was shown that the tensile bar has one more order of
magnitude in tensile strength than the smaller contact area group and than the bigger
contact area specimen. They have same order of magnitude of tensile strain. Although the
bigger contact area specimen has approximately twice the tensile strength of the smaller
contact area group, it is not valid to conclude statistically that a bigger inter-particle
contact area or higher packing fraction would have higher tensile strength. In addition,
the tensile bar has a lower relative standard deviation than the 0.024 mm2 contact area
group. Thus, it is necessary to expand the sample size in future research. Four specimens
breaking at two ends indicates that the handle is more brittle than the bigger contact area
group of sphere chain due to the strong connection caused by the inter-particle contact
area or higher packing fraction. Thus, it is necessary to choose another inter-particle
contact area as the variable in future research.

Conclusion
The Thesis successfully simulated the microstructure of the agglomerate of
Powder Bed Fusion materials by Random Ballistic Deposition, for extremely cohesive
spheres. In order to simulate the sintering effect, the inter-particle contact areas were
created using MATLAB. It is feasible to stereolithographically (SLA) print the
simulation models by enlarging their dimensions. Considering the tensile test process,
simulation models were modified. For the tensile test, the Thesis obtained the stressstrain relationship of ASTM D638 Type I tensile bars produced by the SLA process.
From the tensile test of specimens of simulation models, the data set of extension and
load were received. The packing fractions of specimens were calculated via simulation
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models in Rhino3D to quantify the microstructure. The bigger contact area model has a
higher packing fraction. The cross-sectional areas of specimens via simulation models
were calculated in Rhino3D in order to obtain the data set of stress. Compared to the data
of the tensile bars, the data of the smaller contact area group of specimens has a bigger
data range and indicated lower tensile strength. It is not valid to conclude that the bigger
contact area group of specimens has higher tensile strength, although one of the
specimens did indicate that. However, four other specimens of the bigger contact area
group broke at their handles, which was not expected. Therefore, prospective research
about this topic could simulate more models with different particle interactions, expand
the sample size, and make more options for inter-particle contact areas.
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Appendix A
Random Ballistic Deposition Code

clear all;
Dball = 0.36;
radius = Dball/2;
NumsBall = 500;
% define the space
Xcellsize = 5;
Ycellsize = 5 ;
Zcellsize = 6;
% Ball 1
minH = radius;
% define the number of cells in the XY plane
Xincrement = 1E-3;
Yincrement = 1E-3;
NXcell = Xcellsize/Xincrement;
NYcell = Ycellsize/Yincrement;
% position the balls randomly in XY plane
Xposition = randi(NXcell)*Xincrement;
Yposition = randi(NXcell)*Yincrement;
% fix position of 1st ball
Xball(1) = Xposition;
Yball(1) = Yposition;
Zball(1) = minH;
itemp = 2;
BallNums = NumsBall - 1;

% Drop a certain number of balls
for iball = 1:(BallNums)
Xpositiontemp = randi(NXcell)*Xincrement;
Ypositiontemp = randi(NYcell)*Yincrement;
Distance = sqrt((Xpositiontemp-Xball(1,:)).^2+(YpositiontempYball(1,:)).^2);
[minDistance, index1] = min(Distance);
if(minDistance >= (Dball))
Xball(itemp) = Xpositiontemp;
Yball(itemp) = Ypositiontemp;
Zball(itemp) = minH;
itemp=itemp+1;
end
if(minDistance < (Dball))
D = find(Distance < (Dball));
[maxZball,index2] = max(Zball(D(1,:)));
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Xnear = Xball(D(index2));
Ynear = Yball(D(index2));
Znear = Zball(D(index2));
Zdiff = sqrt(((Dball).^2)-(Xpositiontemp-Xnear).^2(Ypositiontemp-Ynear).^2);
Zpositiontemp = (Znear+Zdiff);
Xball(itemp) = Xpositiontemp;
Yball(itemp) = Ypositiontemp;
Zball(itemp) = Zpositiontemp;
itemp=itemp+1;
end
end
% To calculate packing fraction
% Calculation of the Maximum Z height of the 3D plane where the spheres
are
% deposited
maxh = max(Zball(:));
Zmax
xmin
xmax
ymin
ymax
Xmax
Ymax

=
=
=
=
=
=
=

maxh+radius;
min(Xball(:))
max(Xball(:))
min(Yball(:))
max(Yball(:))
(xmax-xmin);
(ymax-ymin);

+
+

radius;
radius;
radius;
radius;

%Calculate final volume of cube with all spheres fit in
Vcube = (Xmax*Ymax*Zmax);
Vball = (4/3)*pi*((radius).^3)*NumsBall;

% Packing fraction for Method 2
Packingfraction = Vball/Vcube
%% To output the figure as a 3D structure
[x,y,z] = sphere; %# Coordinate data for sphere
for i = 1:NumsBall
c = radius;
X = x.*c+Xball(i);
Y = y.*c+Yball(i);
Z = z.*c+Zball(i);
surface(X,Y,Z);
colormap ([0.5 0.5 0.5])
hold on
end
grid on
axis equal
set(gca,'xlim',[xmin,xmax],'ylim',[ymin,ymax],'zlim',[0,Zmax])
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box on
view(45,30);
xlabel('x');
ylabel('y');
zlabel('z');
save RBD_coordinates_point36.mat Xball Yball Zball
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Appendix B
Creating Contact Areas and Output .STL File Code
clear all;
load RBD_coordinates_point36.mat Xball Yball Zball
[x,y,z] = sphere; %# Coordinate data for sphere
NumsBall = 500;
radius = 0.2;
A = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0];
L=0;
B
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

=
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0];

M=0;
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C
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

=
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0;
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0];

N=0;
for i
c =
X =
L =

= 1:NumsBall
radius;
x.*c+Xball(i);
vertcat(A,X);
A = L;% New X Surface coordinates for sphere
Y = y.*c+Yball(i);
M = vertcat(B,Y);
B = M;%% New Y Surface coordinates for sphere
Z = z.*c+Zball(i);
N = vertcat(C,Z);
C = N;
surface(X,Y,Z);
% Plot sphere

colormap ([0.5 0.5 0.5])
hold on
end
maxh = max(Zball(:));
Zmax = maxh+radius;
xmin = min(Xball(:)) - radius;
xmax = max(Xball(:)) + radius;
ymin = min(Yball(:)) - radius;
ymax = max(Yball(:)) + radius;
Xmax = (xmax-xmin);
Ymax = (ymax-ymin);
surf2stl('Cohesive Particle point36 with area.stl',L,M,N);
grid on
axis equal
set(gca,'xlim',[xmin,xmax],'ylim',[ymin,ymax],'zlim',[0,Zmax])
box on
view(45,30);
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xlabel('x');
ylabel('y');
zlabel('z');
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Appendix C
3D Printing Operations

1. Open Creation Workshop
2. File ® Open ® .STL file
3. Scale ® All Direction 500%
4. Save file as .cws and slice the file
5. Open KudoTitan, click Connect and Powder On
6. Enable the platform to the zero position
7. Make the card cover the projector
8. Load the sliced files (delete the first picture)
9. 1 – 3 layers expose 8 seconds and the rest of layers expose 3.8 seconds
10. The lift is 1mm.
11. Pour the liquid resin into the tray and click Run.
12. Recycle the resin using a filter after the product finishes
13. Rinse the tray and the platform using Isopropyl alcohol
14. Post cure the product under the ultraviolet light for at least 30 minute
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Appendix D
Tensile Test Operations

1. Open Bluehill
2. Click Test and choose the method “Tension Test_ASTM Type1.5LEWIS.im_tens”
3. Click Next and input the data saving location and the file name
4. Click Next and input the specimen dimensions and check if the rate is 0.1 in/min
5. Click Next and install the specimen into grips
6. Click the top right “1 Balance Load” and “2 Reset Gauge Length” to make the
load and extension zero
7. Click Start and observe the curve and click Stop when the slope is zero
8. Save the data and finish
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